Bacterial pathogens can infect particular hosts or have a broad range of host species. 20 Mechanisms of host preferences involve complicated host-pathogen associations 21 such as bacterial adherence, gene regulation, and the host's immune responses 1 . 22 Here, we show the role of adhesivity and motility of the zoonotic spirochete 23 Leptospira in host-dependent pathogenicity. Leptospira spp. are classified into more 24 than 300 serovars and whereas infection of susceptible mammals can cause clinical 25 symptoms, it can also result in an asymptomatic colonization in some cases, thereby 26 generating maintenance hosts 2-5 . Although the severity of leptospirosis is generally 27 dependent on a combination of Leptospira serovars and host species, the scenarios 28 leading to such diverse consequences of infection remain unclear. To investigate the 29 underlying mechanisms of the different outcomes of Leptospira infection, we infected 30 kidney cells with various prepared pairs of Leptospira serovars and analyzed the 31 Leptospira dynamics on the host cells. Quantitatively monitoring the behavior of 32 individual Leptospira cells showed that adherence and movement on the host cell 33 surface, called "crawling" correlated with the severity of infection in the host. In the 34 2 most severe cases, a large fraction of leptospires attached to the host cells and 35 persistently traveled long distances using the crawling mechanism. The biophysical 36 implications of the kinetics and kinematic features of these bacterial pathogens were 37 found to be critical factors for disease severity in their hosts. 38 Some bacterial pathogens are specialized to invade a very limited array of hosts, 39 whereas others can infect multiple host species. The host range differs for each pathogen 40 and the clinical symptoms depend on each host-pathogen combination. For example, 41 Bacillus anthracis primarily infects livestock and wild herbivores, transmitting to humans via 42 direct or indirect contact with infected animals or animal products. However, its occurrence in 43 carnivores is rare. Salmonellosis is caused by over 2000 serovars of Salmonella enterica 44 and its transmission occurs from reptile reservoirs to a wide range of susceptible hosts 45 including humans and other mammals. Virulence in the case of plant bacterial pathogens 46 like Actinobacteria spp. and Pantoea spp. is host specific, and is believed to be related to the 47 structure of the root microbiome and other factors that optimize their symbiosis (e.g., plant 48 hormones, drought stress, temperature and salinity) 6,7 . In some cases, the mechanisms 49 correlating host dependency to bacterial pathogenicity have been investigated. A correlation 50 was found between the host range of the opportunistic food-poisoning bacterium Listeria 51 monocytogenes and its host binding affinity through the listerial protein internalin A, which 52 interacted with E-cadherin in intestinal epithelial cells thereby facilitating its invasion 8 . Here, 53 we show that the adhesivity and motility of the zoonotic spirochete Leptospira interrogans 54 are crucial factors responsible for their host-dependent pathogenicity. 55 Leptospirosis is a worldwide zoonosis, affecting various mammalian hosts such 56 as livestock (cattle, pigs, horses, and others), companion animals (dogs and others), and 57 humans, with consequences varying from asymptomatic to mild and fatal symptoms 2-4 . The 58 causative agents Leptospira spp. are Gram-negative bacteria belonging to the phylum 59 Spirochaetes. The genus Leptospira is comprised by over 300 serovars defined based on 60 the structural diversity of lipopolysaccharide (LPS) 2,9 . Humans and other animals develop 61 clinical disease; however, some animal species can become an asymptomatic reservoir for 62 particular Leptospira serovars. Thus, the outcome of Leptospira infection depends on the 63 3 host-serovar association. Some host-serovar pairs can cause severe symptoms, such as 64 hemorrhage, jaundice, and nephritis. In contrast, the same serovars can be maintained in 65 the renal tubules of reservoir animals that will then intermittently shed leptospires in their 66 urine over long periods 3,5 . The urinary shedding of leptospires to the environment leads to 67 infection in humans and other animals through contact with contaminated soil or water. 68 Leptospira spp. do not have an exotoxin-secretion machinery such as the type III secretion 69 system 2 . The pathogenic Leptospira-specific protein Loa22 is known to be an essential 70 virulence factor 10 , but other proteins such as the fibronectin-binding protein LigB and the 71 outer membrane protein LipL32 expressed solely in pathogenic strains, are not involved in 72 their pathogenicity 11,12 . Despite these virulence factors being common among pathogenic 73 Leptospira serovars, the host-dependent mechanisms of pathogenicity remain unclear. 74 Studies in animal models have shown that motility is an important factor involved in 75 leptospiral virulence 13,14 . Motility is a critical component that facilitates infection for many 76 species of bacteria 15 . Helicobacter pylori requires motility to migrate towards the epithelial 77 tissue in the stomach 16 and motility and chemotaxis are key factors that guide host invasion 78 in different Salmonella serovars 17,18 . In the case of Lyme disease, movement and adhesion 79 by the spirochete Borrelia burgdorferi in blood vessels are thought to be important during the 80 process of host cell invasion 19 . Leptospira spp. have two periplasmic flagella (PFs) beneath 81 the outer cell membrane (Fig. 1A). The rotation of the PFs in the periplasmic space gyrates 82 both ends of the cell body and rotates the coiled cell body allowing Leptospira not only to 83 swim in fluids but also to crawl over solid surfaces 20,21 . Adherence and entry of pathogenic 84 leptospires in the conjunctival epithelium 4 and in the paracellular routes of hepatocytes 22 85
MSD plots obtained from each individual leptospiral cells showed a wide range of MSD 114 slopes and differed for each host-serovar pair (Figs. 3H-J and Supplementary Fig. 2 ). The 115 data of the crawling speeds and MSD slopes (i.e. crawling persistency) were also grouped 116 into statistical clusters. 117 To investigate the relevance of the measured parameters on the outcomes of leptospiral yellow, isolation of leptospires from asymptomatic animals or natural reservoirs (i.e., rats); 122 green, pairs containing the nonpathogenic Leptospira strain (i.e., non-infection); grey, no 123 report (Table 1) . Red, green and yellow pairs were mostly grouped together, although yellow 124 pairs fluctuated between clusters with a red or green pair majority. Given that the determined 125 clusters reflect the differences in outcomes of the host after infection by each Leptospira 126 strain, our results suggest the involvement of adhesion and crawling in leptospiral 127 pathogenicity. Fig. 4A shows the increased crawling fraction of the virulent cluster, whereas 128 >75% cells remained in the swimming state in the non-infection cluster. This is consistent 129 with the observation that the virulence pairs had a significantly larger KA-C in comparison with 130 asymptomatic and non-pathogenic pairs (P < 0.05); KS-A did not seem to correlate to 131 virulence ( Fig. 4B ). These thermodynamic parameters suggest that the biased transition 132 from adhesion to crawling would be responsible for the virulence of Leptospira. Although the 133 crawling speed could not be correlated to pathogenicity (Fig. 4C ), a detailed analysis of the 134 crawling patterns revealed that long-distance directive crawling was a crucial virulence factor Supplementary Table 1 .
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Expression of GFP did not affect motility in the Leptospira serovars ( Supplementary Fig. 3 ). is the bacterial position at I (see also Supplementary Fig. 1 ). 
